The haemodynamic characteristics of the systemic arterial blood supply to the lungs were investigated in 9 out of IO (Somerville, I970). No patient had undergone any previous operation. The diagnosis was established radiographically in each patient by selective injection of contrast medium into the right ventricle and the aorta (frequently both the aortic root and the upper descending aorta). Rapid biplane films were exposed in each patient for a period long enough to see, well opacified, the blood supply to both lung fields, the pulmonary veins, the left atrium, left ventricle, and the aorta on recirculation. A diagnosis of absence of the sixth aortic arch was made if it was not possible to identify either a persistent ductus arteriosus or the main pulmonary arteries proximal to the hila. The detailed anatomy of pulmonary blood supply was clarified by selective injection of contrast medium into the large systemic arteries which supplied the lungs (Chesler, Beck, and Schrire, 1970; D. G. Ritter, I969, personal communication). These arteries were most frequently entered with a Sones coronary arteriography catheter after retrograde catheterization of the aorta from an open axillary arteriotomy. Occasionally it was possible to enter them with a transvenous catheter passed into the aorta across a ventricular septal defect, and if both the above approaches failed, percutaneous femoral artery catheterization was used.
When the embryonic sixth aortic arch fails to develop or undergoes early involution, pulmonary blood supply is derived entirely from systemic arteries (Manhoff and Howe, I949; Stuckey, Bowdler, and Reye, I968) . The report of successful surgical correction of such an abnormality (Wallace et al., I969) prompted us to investigate further the haemodynamic characteristics of pulmonary blood supply in this condition.
Material and methods
The study consists of I0 patients with absence of the sixth aortic arch, as defined by Stuckey et al. (I968) . This condition is also known as absence of the pulmonary artery (Manhoff and Howe, 1949; Van Praagh and Van Praagh, i965) , type 4 persistent truncus arteriosus (Collett and Edwards, 1949) , and type D pulmonary atresia with a ventricular septal defect (Somerville, I970) . No patient had undergone any previous operation. The diagnosis was established radiographically in each patient by selective injection of contrast medium into the right ventricle and the aorta (frequently both the aortic root and the upper descending aorta). Rapid biplane films were exposed in each patient for a period long enough to see, well opacified, the blood supply to both lung fields, the pulmonary veins, the left atrium, left ventricle, and the aorta on recirculation. A diagnosis of absence of the sixth aortic arch was made if it was not possible to identify either a persistent ductus arteriosus or the main pulmonary arteries proximal to the hila. The detailed anatomy of pulmonary blood supply was clarified by selective injection of contrast medium into the large systemic arteries which supplied the lungs (Chesler, Beck, and Schrire, 1970; D. G. Ritter, I969, personal communication) . These arteries were most frequently entered with a Sones coronary arteriography catheter after retrograde catheterization of the aorta from an open axillary arteriotomy. Occasionally it was possible to enter them with a transvenous catheter passed into the aorta across a ventricular septal defect, and if both the above approaches failed, percutaneous femoral artery catheterization was used.
In one patient (Case 5) aged 2 weeks, necropsy showed a fibrous thread running behind the aorta to communicate with intrapulmonary arteries at the right hilum but there was no remnant of the left sixth arch. The vessel from the arch of the aorta supplying the lungs was not a ductus arteriosus, since it was not related to the recurrent laryngeal nerve. In this neonate it was impossible to obtain stable haemodynamic data at the time of catheterization because passage of a catheter down the right subclavian artery in order to enter the ascending aorta resulted in occlusion of the major source of blood supply to the right lung. Haemodynamic data are therefore derived from the remaining 9 patients. Absence of the sixth aortic arch was confirmed in one of these patients (Case 7) at necropsy and in one patient (Case 6) at thoracotomy. In these 9 patients, 17 out of 23 major aortopulmonary collateral arteries were successfully catheterized (74%). (In no case was failure to catheterize such an artery seen angiocardiographically to be due to stenosis at its origin.) Definitive haemodynamic studies were carried out at least 20 minutes after any angiocardiogram, with the patients routinely premedicated before catheterization'. Oxygen saturations were determined from samples drawn from the venae cavae and right atrium, and after inspection of these a right atrial catheter was placed in a position such that it sampled blood at a saturation within 2 per cent of the mean of the saturations in three right atrial sites, the superior vena cava, and the inferior vena cava (a) at the level of the diaphragm and (b) between the entry of hepatic and renal veins. In the patient (Case 9) with an atrial septal defect, the superior vena caval saturation was taken as equal to mixed venous saturation, and the catheter was placed there. The tip of the catheter in the aortopulmonary collateral artery was advanced to a reference point just distal to its first branch, or the most distal point at which surgical anastomosis to a right ventricular conduit might be contemplated. Simultaneous oxygen saturations and pressures were measured in the right atrium, the aortopulmonary collateral artery, and the femoral artery with the patient breathing first room air, and then Ioo per cent oxygen for Io minutes. Further aortopulmonary collateral arteries were then catheterized as far as the reference point already described and the procedure repeated if the oxygen saturation or mean pressure was significantly different. Thus, if the oxygen saturation and pressure were essentially unchanged while breathing room air, the pressure and saturation in one collateral artery during administration of Ioo per cent oxygen was taken to be representative of those in all the collateral arteries. In only one patient (Case 4) was it possible to obtain a sample of pulmonary venous blood; in the remainder its oxygen saturation was assumed on breathing room air. However, the difference in slopes of the regression lines in Fig. 2 did not achieve statistical significance. Pulmonary resistance (Rp) was significantly (P < 0-02) higher in the older patients, both while breathing room air and ioo per cent oxygen ( Fig. 3 and 4) . Over the group as a whole, breathing I00 per cent oxygen resulted in a significant fall in pulmonary resistance together with a rise in systemic resistance (Fig. 5) In all but i patient (Case 3) there was evidence of stenosis of at least one aortopulmonary collateral artery. These had 2 distinct radiological appearances, a very localized constriction (Fig. 6 ) and a more elongated narrowing (Fig. 7) . Evidence of such stenosis was found in 2 patients (Cases 5 and 7) at necropsy, and in one of these (Case 5) stenoses were present in all arteries supplying the lungs, sufficiently severe in 2 of them as almost to occlude the lumen. In 3 patients (Cases 7, 8, and 9) systolic pressure gradients of at least 50 mmHg were shown at cardiac catheterization within aortopulmonary collaterals. Blood was sampled with ease distal to the stenoses. In i patient (Case 6) a similar pressure gradient was measured at thoracotomy. In 5 patients, at least one 70 per cent stenosis of a collateral artery was shown angiographically and in all but i patient (Case 3) at least one 50 per cent stenosis was identified. These stenoses were all in the region of the hilum except in i patient (Case 5) (Fig. 6 ) where the collateral artery illustrated was shown at necropsy to lie just beneath the parietal pleura of the superior mediastinum, posteriorly, with the stenosis I 5 cm proximal to the hilum.
The only additional important anomaly apart from the absence of the sixth aortic arch and a high ventricular septal defect, was a secundum atrial septal defect in Case 9.
In 5 patients the systemic arterial oxygen saturation was available from two successive catheterizations (Fig. 8) . This had fallen in 3 patients and risen in 2. Despite a maximum interval of 9 years between determinations, the greatest fall in oxygen saturation was only I0 per cent.
Discussion
The normal human pulmonary arterial tree is derived from two distinct embryological sources, the embryological pulmonary plexus, which gives rise to the distal pulmonary arteries and veins, and the sixth aortic arches, from which develop the right pulmonary artery, the ductus arteriosus, part of the main pulmonary artery, and possibly some of the left pulmonary artery (Huntington, I9I9; Congdon, I922) . Observations support the hypothesis that in pulmonary atresia, the embryological pulmonary plexus has developed normally. The peripheral pulmonary vasculature appears normal both on angiocardiography and after postmortem injection of anomalous collateral arteries. Injection of one substance into the pulmonary arteries and another into anomalous collateral arteries enables identification of the source of blood supply to small pulmonary arteries. Histologically, these are identical regardless of their source of blood supply (Allanby et al., I950; Dammann and Ferencz, I956; Ferencz, I960) . When the embryonic pulmonary plexus is first formed during the fourth week of gestation its blood supply is derived mainly from the dorsal aortae, but also from the developing fourth aortic arch and aortic sac (Huntington, I9I9; Congdon, I922; Tobin, 1952) . As the sixth aortic arches develop, cranial branches develop from the pulmonary plexus and anastomose to these arches, thus allowing potential communication between the systemic and pulmonary arterial systems. Ultimately the majority of the blood supply comes from the sixth aortic arch. If the sixth aortic arch does not develop or involutes early, the pulmonary plexus continues to derive its only blood supply from systemic arteries. Since none of our patients had been severely cyanosed in infancy and 3 had been shown to have enlarged systemic arteries supplying the lungs at 4 months of age or less (one was 2 weeks old) it is concluded that these vessels have enlarged in utero in response to the absence of the sixth aortic arch. These large systemic arteries have in the past been known as bronchial arteries. The term major aortopulmonary collateral arteries is used in preference here for three reasons: first, because there is some doubt as to whether these vessels have the same embryological origin as bronchial arteries (Boyden, I970) ; second, because they do not resemble the more numerous, and much finer systemic collateral arteries (mainly true bronchial arteries) which develop in response to chronic lung disease, or to experimental occlusion of the right or left pulmonary arteries (Liebow, Hales, and Bloomer, I959), and finally, because not all the anomalous collateral arteries come into relation with the bronchi, as bronchial arteries do (Collister, I952) . If the development of the embryonic pulmonary plexus is normal, one would predict a vasodilator response of the pulmonary vascular bed in response to breathing ioo per cent oxygen despite its systemic arterial blood supply. Our results showed an overall fall in total pulmonary resistance with ioo per cent oxygen. Since left atrial mean pressure remained unchanged in the one patient in whom it was measured, this fall is presumed to have resulted from dilatation of small pulmonary vessels.
Vasodilatation of pulmonary vessels in response to ioo per cent oxygen cannot be taken as certain evidence that their origin is pulmonary rather than systemic, since there is some evidence that their response to alterations in Po2 is determined by the nature of the perivascular tissue rather than the nature of the vessels themselves (pulmonary or systemic) (Lloyd, I968, I970 In 4 patients (40%) in this series, no blind right ventricular outflow tract was shown by high quality right ventricular angiocardiography. This may not prove that no such outflow tract existed, but emphasizes that, in our view, the diagnosis of this condition is made upon the nature of the pulmonary blood supply, and not upon the degree of infundibular atresia.
The fact that oxygen saturations in femoral artery and major aortopulmonary collateral arteries were identical shows that there is complete mixing of systemic and pulmonary venous blood in this condition. The accuracy of determination of pulmonary blood flow is therefore limited principally by the difficulty of obtaining the pulmonary venous oxygen saturation. Since no patients were in pulmonary oedema, all were ventilating adequately with a normal arterial Pco2, and all appeared to have normal distal pulmonary vessels and central pulmonary veins, it was assumed that pulmonary venous oxygen saturation was normal. Pulmonary resistance (Rp) as calculated, had to be defined in an unusual way as there was no sixth aortic arch present. Since it is a major determinant of operability in all congenital heart lesions associated with pulmonary hypertension, it was defined as an answer to the practical question of what resistance to blood flow would be presented to the right ventricle if the ventricular septal defect were closed and the right ventricle anastomosed to the defined reference points in the arteries providing pulmonary blood supply. In many cases, the number of different aortopulmonary collateral arteries alone would have precluded successful complete correction, but it was felt nevertheless to be profitable to investigate the total resistance to pulmonary blood flow even in these patients as it appeared broadly similar to that offered by a single artery supplying the entire pulmonary blood supply, provided that the mean arterial pressures at the defined reference points in all the major aortopulmonary collateral arteries were equal. In order to estimate the likely error in calculation of Rp when these mean pressures were unequal, a mathematical formula was derived (see Appendix) which related this error to the different mean pressures, the relative distribution of pulmonary blood flow, and the number of collateral vessels. The maximum error under the most adverse circumstances in this group of patients appeared to be a I0 per cent overestimate of pulmonary resistance, and under average conditions this fell to i per cent. The error is least in those patients with few collaterals and high mean arterial pressures (i.e. the oldest, since mean systemic arterial and mean collateral arterial pressure are approximately equal). Fortunately, it was in those patients that a decision about operability was most critical.
To miiniize errors, it is desirable to catheterize every major collateral artery. In fact, 6 such arteries (26%) were not catheterized, and none of these appeared angiographically to be a major source of pulmonary blood supply. In only one patient (Case 3) were as many as 2 not catheterized, and this patient had 4 such arteries altogether. Since no angiographic stenosis was shown at the origin of the arteries not catheterized it seems reasonable to assume that the mean pressure therein was at systemic level.
The resistance thus calculated is determined by two factors. These are the resistance offered by the small vessels in the pulmonary vascular bed and the resistance due to stenoses of major aortopulmonary collateral arteries. It was not possible to separate these two determinants except in so far as the fall in resistance on breathing I00 per cent oxygen seemed more likely to be the result of vasodilatation in small vessels than of alterations in major stenoses. The true incidence of stenosis in these arteries is probably greater than that determined in this study because of the difficulty of obtaining intravascular pressures well distal to the hilum, and of interpreting angiocardiograms in which numerous aortopulmonary collateral arteries overlap one another in the region of the hilum. It seems probable that it is arterial stenoses that are responsible for the continuous murmurs audible in all these patients. To what extent these stenoses protect the vascular bed from developing obstructive disease is impossible to say. Ferencz (I960) did not find medial hypertrophy or intimal fibrosis in small pulmonary arterioles in her study of the pulmonary vascular bed of patients with tetralogy of Fallot, which included patients with absence of the sixth aortic arch. The size of the arterioles and their relation to arterial stenoses were not specified. However, in these patients, since the stenoses were located distal to a point at which a surgical anastomosis might be made, they limited the chance of successful operation using current techniques as effectively as pulmonary vascular obstructive disease would have done. In none of these patients was operation recommended (even if their age and anatomy had been suitable) because of the high levels of pulmonary resistance. The haemodynamic characteristics of the one patient reported in whom total correction was successful (Wallace et al., I969) were much more favourable.
The fact that these arterial stenoses were present in infancy also has important implications for palliative surgery in this condition. Fig. 9 
Solving (2) N =number of vessels supplying lungs, one of which is perfused at a pressure y mmHg below the pressure (P mmHg) in the remainder. This vessel carries a proportion b of the total pulmonary blood flow. The error will be more negative than the value given in the 'Error' column if N, y, or b are greater than, or P is less than, the values given. Positive errors do not reach IO% under any circumstances in which P> 50 mmHg, y io mmHg, b>o-i, or N<s (see Appendix).
Addition of a second stenosis (N=3, a=o I, b=o i) raises this error to 9 o per cent. However, this is not much higher than the maximum positive error in a two-vessel system (where only one stenosis is allowable). The error for N=2, b=o i, is 7-8 per cent. So in fact the addition of a second stenosed low flow system only increases the maximum possible positive error by I 2 per cent. 7) Thus, the errors are potentially greatest when only one vessel is stenosed and in this situatiom are maximal when distribution of flow between the stenosed vessel and the remainder is most uneven. If the stenosed vessel receives I/N th of Q the maximum error is -I13 per cent. On the other hand, for N=5, b=o09 the error reaches an overall maximum of -I7 6 per cent. This requires one stenosed vessel out of five to supply go per cent of the pulmonary blood flow, which seems inherently improbable. Table 2 shows the limits within which the error is + IO per cent and if it is accepted that a rough idea of flow distribution may be obtained from observing the size of collateral vessels and the volume of lung supplied by them, it seems unlikely that in any patient the error was > + IO per cent, particularly as in only one patient was P < 70 mmHg. In an average situation (N=3, b=o0-, y=4, P=8o) the error would be -o 9 per cent.
